Discrepancy was found between enhanced hypotension and attenuated relaxation of conduit arteries in response to acetylcholine (ACh) and bradykinin (BK) in nitric oxide (NO)-deficient hypertension. The question is whether a similar phenomenon occurs in spontaneously hypertensive rats (SHR) with a different pathogenesis. Wistar rats, SHR, and SHR treated with NO donors [molsidomine (50 mg/kg) or pentaerythritol tetranitrate (100 mg/kg), twice a day, by gavage] were studied. After 6 weeks of treatment systolic blood pressure (BP) was increased significantly in experimental groups. Under anesthesia, the carotid artery was cannulated for BP recording and the jugular vein for drug administration. The iliac artery was used for in vitro studies and determination of geometry. Compared to control, SHR showed a significantly enhanced (P < 0.01) hypotensive response to ACh (1 and 10 µg, 87.9 ± 6.9 and 108.1 ± 5.1 vs 35.9 ± 4.7 and 64.0 ± 3.3 mmHg), and BK (100 µg, 106.7 ± 8.3 vs 53.3 ± 5.2 mmHg). SHR receiving NO donors yielded similar results. In contrast, maximum relaxation of the iliac artery in response to ACh was attenuated in SHR (12.1 ± 3.6 vs 74.2 ± 8.6% in controls, P < 0.01). Iliac artery inner diameter also increased (680 ± 46 vs 828 ± 28 µm in controls, P < 0.01). Wall thickness, wall crosssection area, wall thickness/inner diameter ratio increased significantly (P < 0.01). No differences were found in this respect among SHR and SHR treated with NO donors. These findings demonstrated enhanced hypotension and attenuated relaxation of the conduit artery in response to NO activators in SHR and in SHR treated with NO donors, a response similar to that found in NOdeficient hypertension.
Introduction
After inhibition of nitric oxide synthase (NO synthase), there is a clear discrepancy in experimental results concerning the acetyl- tenuation up to total inhibition of relaxation in response to ACh when applied after NO synthase inhibition (1) (2) (3) . Even NO release, measured directly close to the endothelial layer in the femoral artery of the dog, decreased after NO synthase inhibition (4) . In contrast, experiments performed on conscious animals, animals under anesthesia, and moreover, under various types of anesthesia, with NO synthase inhibition and consequent increased blood pressure, have demonstrated hypotension elicited by ACh (5) (6) (7) . Previous studies by our group showed paradoxically amplified ACh hypotension not only after a short period of time (1-2 h) but also 6 weeks after NO synthase inhibition, which was accompanied by sustained high blood pressure (8) . The amplified hypotension was triggered via muscarinic receptors. However, bradykinin, another activator of NO synthase, also induced hypotension after NO synthase inhibition accompanied by hypertension (8) .
Substitution of endogenous NO in NOcompromised hypertensive rats with exogenous NO, released from NO donors, only partially reduced the systemic high blood pressure (9, 10) . However, the enhanced response to ACh and bradykinin in these animals was unchanged after molsidomine treatment.
The question addressed here was: does the discrepancy between blood pressure response to ACh and bradykinin observed in in vivo experiments and in isolated vessels in vitro also occur in another model of experimental hypertension? The model of spontaneously hypertensive rats (SHR) was selected to test this issue. The reason for studying SHR was that there are data indicating that compromised NO production is very probably not the essential etiopathogenic cause of hypertension in these animals (11) (12) (13) . On the other hand, it is important to keep in mind that Pourageaud and Freslon (14) and Liu et al. (15) , on the basis of their experiments with SHR, reported compromised function of endothelial cells.
The hypotensive response to ACh and bradykinin in both experimental models, NOdeficient hypertensive rats and SHR, is the result of relaxation of resistance arteries. Indeed, the efficiency of heart work (assessed by left ventricular dP/dt max and left ventricular dP/dt min ) in NO-defective hypertensive animals did not differ from control animals (16) . The same was true for SHR (17) (18) (19) .
The response to ACh of the common iliac artery, as a representative of the conduit portion, was studied in vitro in SHR. The geometry of the conduit iliac artery was studied as a morphological background for vessel responses.
The effect of individual NO donors on blood pressure in various experimental hypertensive models is not unequivocal (9) . Two NO donors, molsidomine and pentaerythritol tetranitrate (PETN), were selected because they do not induce a tolerance effect (20, 21) . Moreover, PETN has been shown to have antioxidant properties (22) .
Material and Methods
The experiments were carried out in male rats housed in individual cages at a temperature of 22-24ºC, under a 12-h light/dark cycle. The animals were fed a standard pellet diet and had free access to water. The procedures were approved by the Ethics Committee for Experimental Studies, Slovak Academy of Sciences.
The animals, 10 weeks of age at the beginning of the study, were divided into the following groups:
Group I: control Wistar rats, 16 animals living for 6 weeks under the above standard housing conditions without any medication. Group II: 16 SHR housed for 6 weeks as group I without receiving any medication. Group III: 16 SHR receiving molsidomine, 50 mg/kg twice a day by gavage, for 6 weeks. Group IV: 16 SHR receiving PETN, 100 mg/kg twice a day by gavage for 6 weeks.
In all groups systolic blood pressure was measured noninvasively in pre-warmed rats by the tail plethysmography method once a week.
In vivo studies
At the end of the experiments, half the animals in each group (N = 8) were anesthetized ip with sodium pentobarbital, 50 mg/kg body weight, for vessel preparation and cannula implantation. The right jugular vein was prepared and cannulated. Heparin sulfate (25 IU) was administered immediately and the right carotid artery was prepared, cannulated and connected to a Statham P32 Db pressure transducer. A Physioscript Schwarzer device was used for blood pressure recording. Immediately after this procedure, one third of the first dose of pentobarbital sodium was administered ip. During the next 15 min, on the basis of the recorded blood pressure, steady state was achieved and ACh (1 and 10 µg) and bradykinin (100 µg), each dissolved in 0.1 ml Krebs solution, were administered into the jugular vein in random order. A constant 10-s period of iv administration was used. At the end of the experiment the animals were sacrificed with an overdose of pentobarbital sodium.
Morphological studies
The other half of the animals in each group were anesthetized with pentobarbital sodium, 50 mg/kg, administered ip. After opening the abdomen, the left iliac artery of groups I and II was isolated, excised, placed in the cold Krebs solution, and prepared for the in vitro experiments. The chest was then opened, a cannula was placed inside the left ventricle and the cardiovascular system was perfused at a constant pressure of 120 mmHg for 10 min with a fixative consisting of 300 mM glutaraldehyde in 100 mM phosphate buffer. The upper part of the right iliac artery was excised, immersed in the same fixative, divided into four segments, and post-fixed with 40 mM OsO 4 in phosphate buffer. After fixation the samples were stained en bloc with uranyl acetate, dehydrated in a growing alcohol series, and embedded in Durcupan ACM. Three randomly selected blocks from each artery were cut perpendicularly to the long axis. Both inner circumference and arterial wall thickness (tunica intima and tunica media) were measured by light microscopy. The arterial wall thickness was measured around the vessel circumference at about 45º intervals. The inner diameter and the cross-sectional area (tunica intima and tunica media) were calculated.
In vitro studies
The left common iliac arteries were cleaned of adherent connective tissue and cut into 3-4-mm long rings. The rings were fixed vertically between two stainless steel wires in an incubation bath with oxygenated Krebs solution (95% O 2 and 5% CO 2 ) and kept at 37ºC.
The arterial rings were connected to a force transducer (Sanborn FTA 10) to record the changes in isometric tension, as described earlier (3). Resting tension was adjusted to 10 mN and the preparations were allowed to equilibrate for 60-90 min. Endothelium-dependent relaxations were studied in rings with a functional endothelium and precontracted to the maximal response induced by phenylephrine (10 µM). Acetylcholine was applied in a cumulative fashion and relaxation was reported as percentage of phenylephrine-induced contraction.
Chemicals
Molsidomine was purchased from Hoechst (Frankfurt, Germany), and pentaerythritol tetranitrate from Dipharma (Milano, Italy). 
Statistical analysis
Data are reported as means ± SEM. ANOVA and the Bonferroni test for unpaired variables were used for statistical evaluation. Results were considered significant when P < 0.05.
Results

In vivo studies
After 6 weeks of the experimental regime, mean systolic blood pressure was 132.5 ± 2.7 mmHg for the control group, 177.1 ± 5.4 mmHg for SHR (P < 0.01 vs controls), 175.2 ± 2.8 mmHg for SHR treated with molsidomine (P < 0.01 vs controls), and 176.6 ± 5.7 mmHg for SHR treated with PETN (P < 0.01 vs controls). No change in blood pressure occurred in SHR after 6 weeks of molsidomine or PETN administration.
A significant increase in the heart/body weight ratio was observed for all three experimental groups compared to control (3.13 ± 0.03 x 10 -3 ), i.e., 4.91 ± 0.18 x 10 -3 for SHR (P < 0.01), 3.77 ± 0.08 x 10 -3 for SHR + molsidomine (P < 0.05), and 4.45 ± 0.03 x 10 -3 for SHR + PETN (P < 0.01).
The range of hypotensive responses (reported as diastolic blood pressure) to iv administration of ACh in two doses of 1 and 10 µg for the individual groups is illustrated in Figure 1A . The following mean values in response to the 1-and 10-µg dose were obtained: 35.9 ± 4.7 and 64.0 ± 3.3 mmHg, respectively, for the control group, 87.9 ± 6.9 mmHg (P < 0.01) and 108.1 ± 5.1 mmHg (P < 0.01), respectively, for the SHR group, with both values showing a significant increase. The values were 85.4 ± 2.6 and 113.5 ± 1.4 mmHg (P < 0.01) for the SHR group treated with molsidomine and 73.0 ± 6.3 mmHg (P < 0.01) and 111.7 ± 5.9 mmHg (P < 0.01) for the SHR group treated with PETN. No significant differences in the extent of hypotension were found between the SHR group, the SHR group treated with molsidomine and the SHR group treated with PETN in response to either dose.
The hypotensive response to iv bradykinin at the dose of 100 µg was 53.3 ± 5.2 mmHg for controls and was significantly increased to 106.7 ± 8.3 mmHg in SHR (P < 0.01). Similarly, the response was 111.6 ± 4.8 mmHg in SHR treated with molsidomine (P < 0.01) and 118.3 ± 1.8 mmHg in SHR treated with PETN (P < 0.01). No significant difference in bradykinin hypotension was found between the SHR group and the two SHR groups treated with either molsidomine or PETN ( Figure 1B) . 3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6  1  2  3  4  5  6 
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In vitro studies
Plots of the isometric tension of iliac artery rings and doses of ACh are illustrated in Figure 2 . Maximum relaxation in response to ACh was 74.24 ± 8.57% of phenylephrine precontraction (10 µM) in iliac artery rings from control Wistar rats. In contrast, iliac artery rings from SHR showed a clear-cut attenuated relaxation in the whole range of ACh doses used. The maximum value represented only 12.14 ± 3.6% (P < 0.01) of the phenylephrine precontraction described above.
Morphological studies
The individual parameters characterizing the geometry of the iliac artery are given in Table 1 . The wall thickness of the iliac artery was significantly greater in all experimental groups compared to control. No significant differences in this parameter were found between SHR, SHR + molsidomine and SHR + PETN.
The cross-sectional area of the arterial wall (tunica intima + tunica media) was significantly and similarly enlarged in the SHR group, in the SHR + molsidomine group, and in the SHR + PETN group.
The inner diameter of the iliac artery was significantly and similarly reduced in the SHR, SHR + molsidomine, and SHR + PETN groups compared to control Wistar rats.
The calculated wall thickness/inner diameter ratio was significantly and similarly increased in the SHR group, SHR + molsidomine group, and in the SHR + PETN group compared with control Wistar rats.
Discussion
Systolic blood pressure, remarkably higher in SHR than in Wistar rats, continued to be high even after 6 weeks of treatment with the exogenous NO donors molsidomine or PETN. The results confirmed the view that NO and/ or compromised NO production very probably was not the essential etiopathogenic factor in this model of experimental hypertension, in agreement with data reported by others (11) (12) (13) . On the basis of the convincing experimental results of Matsumoto (23), Head (24) and Korner et al. (25) , it appears that the sympathetic nervous system, to- The rats received 50 mg/kg twice a day molsidomine (MOLS) and 100 mg/kg twice a day pentaerythritol tetranitrate (PETN), by gavage for 6 weeks. The artery was perfused with glutaraldehyde at 120 mmHg pressure. Data are reported as means ± SEM for 8 rats in each group. WT = wall thickness in µm (tunica intima + tunica media); CSA = cross-section area of the wall in µm 2 x 10 3 (tunica intima + tunica media); ID = inner diameter of the iliac artery in µm; WT/ID = wall thickness/inner diameter ratio. *P < 0.01 compared to the control group (ANOVA and Bonferroni test for unpaired variables).
gether with the renin-angiotensin system, constitute one of the essential causes of high blood pressure in SHR. The question raised in the Introduction was to compare the range of hypotension in SHR and the range of isometric tension of the conduit iliac artery induced by ACh and bradykinin -two activators involved in NO production. In SHR, the experiments unequivocally demonstrated a remarkably enhanced dose-dependent hypotension in response to ACh and to bradykinin compared to Wistar rats. Two components contribute to the hypotension induced by ACh: cardiac efficiency and the tonus of resistance arteries. Reliable experimental data have shown that cardiac efficiency is not compromised in SHR in steady state between 10 and 20 weeks of age (17) (18) (19) . Moreover, Mertens et al. (26) demonstrated that the density of muscarinic receptors in the cardiomyocytes of SHR is unchanged and the contractile force of the myocardium after methacholine is high enough and thus could not explain the increased hypotension.
We were also interested in the behavior of the resistance arteries. If the response of resistance vessels of SHR to ACh and bradykinin were attenuated as in the conduit iliac artery, the extent of hypotension could not be larger. It should be kept in mind that the decrease in blood pressure is an integrated response of resistance arteries in individual areas. Granstam et al. (27) did not find changes in blood flow in the heart and kidney of SHR after ACh, whereas Chang et al. (28) , using the perfusion technique to study the response of the mesenteric vascular response to ACh in SHR, found an amplification of the hypotensive response. In the present study, the enhanced extent of hypotension in SHR did not change after administration of molsidomine or PETN. The present findings are similar to those obtained in NO-deficient hypertension (6, 8) although the etiopathogenic background, NO production, NO level, and cGMP level are different in these two experimental models of hypertension (29) .
The enhanced ACh-and bradykinin-induced hypotension in both experimental models, i.e., NO-compromised hypertensive rats and SHR, suggests that NO is very probably not involved in this phenomenon. Thus, it is reasonable to propose that ACh and bradykinin trigger a completely different mechanism of vascular smooth muscle relaxation in resistance vessels, with consequent hypotension.
Contrary to the enhanced hypotension, the response of the isolated conduit iliac artery of SHR to ACh was remarkably attenuated, in agreement with the attenuated responses to ACh and bradykinin by other conduit arteries from SHR in vitro (14, 30) . Moreover, a similar attenuation of ACh relaxation was also reported in vitro in conduit artery segments from NO-compromised hypertensive rats (1-3) . Thus, the clear-cut discrepancy in the response to the NO synthase activators ACh and bradykinin between resistance arteries and conduit arteries is present in SHR as well as in NO-compromised hypertensive rats.
The cause underlying the different responses of smooth muscle cells in conduit and resistance arteries can be considered in terms of the following: there is a downward gradient of endothelial NO synthase expression from the aorta to resistance arteries and capillaries (31) (32) (33) , and ACh might affect the activity of NO synthase in large conduit vessels. Malinski et al. (34) and Pourageaud and Freslon (14) reported compromised NO production in endothelial cells of the aorta or coronary artery of SHR. Thus, the attenuated relaxation of the iliac conduit artery in response to ACh is possible.
What relaxing mechanisms triggered by ACh and bradykinin could operate in the resistance portion of the arterial tree? Hypothetically, the involvement of endotheliumderived hyperpolarizing factor and of potassium channel function could be considered in view of the fact that their effectiveness is not influenced by high blood pressure (35) .
An increase of wall thickness was found in the iliac artery and was consistent with that of the aorta, carotid artery and septal branch of the coronary artery both in SHR and in SHR treated with molsidomine or PETN (36) . However, concerning the inner diameter of the iliac artery, completely different values were found in comparison with the thoracic aorta, carotid artery, and coronary artery in SHR. The inner diameter of the iliac artery decreased significantly in SHR, but this was not the case for the diameter of the aorta, carotid artery, and coronary artery (36) . The decrease of the inner diameter was not affected by either molsidomine or PETN.
The decrease of the inner diameter of the iliac artery could be understood on the basis of two factors. One concerns the dominant role of the sympathetic nervous system supported by the RAS in maintaining the high blood pressure in SHR (23) (24) (25) . The second concerns the paradigm that the effect of sympathetic control increases downwards along the arterial tree. Evidence has also been provided for the conduit portion of the arterial tree, including the abdominal aorta (37) . The magnitude of maximum constriction of the abdominal aorta induced by supramaximal stimulation of the respective sympathetic postganglionic fibers increases gradually from the upper part of the abdominal aorta, above the renal branching, downwards to the iliac bifurcation, and very probably consecutively downwards to the iliac artery. Considering the two issues, the narrowing of the iliac arteries in SHR, in comparison with the proximal portions of the arterial tree, is conceivable. The wall thickness and wall thickness/inner diameter ratio are typical characteristics of conduit arteries in hypertension and are consistent with the attenuated response to ACh and bradykinin observed in vitro.
In conclusion, in SHR, ACh and bradykinin as NO synthase activators induced a dose-dependent enhanced hypotensive response. However, the conduit iliac artery relaxation in vitro in response to ACh was attenuated. These findings are similar to those obtained in NO-deficient hypertension. The thickness of the iliac artery wall increased and its inner diameter decreased. The discrepancy between these two functional parameters leads us to conclude that two different mechanisms are induced by ACh and bradykinin in resistance and conduit arteries in both experimental models of hypertension.
